rotein kinases regulate the electrical activity of various cells through their actions on membrane ion channels.1"2 In the heart, stimulation of either cAMP-dependent protein kinase (PKA) or protein kinase C (PKC) results in an augmentation of the L-type Ca2+ current (ICa)3-7 and the delayed rectifier K+ current (IK) '2 The presence of consensus sites for PKA-and PKC-dependent phosphorylation on the Ca2+ and delayed rectifier channels has led to speculation that PKA and PKC may act directly on these ion channel proteins. 13"14 Recently, a p-adrenergic-activated Cl-current has been identified in guinea pig ventricular myocytes.15-'7 This Cl-channel displays a number of distinctive properties including an outward-rectifying whole-cell current-voltage (I-V) relation when measured with physiological Cl-concentrations,15-'7 an inhibition by monocarboxylic acids (eg, 100 ,umol/L anthracene-9-carboxylic acid [A-9-C]),18 and a novel dependence on extracellular Na+ for activity. 17"19'20 Stilbene derivatives such as 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) and 4,4'-dinitrostilbene-2,2'-disulfonic acid (DNDS) have been reported either to inhibit15"7 or to have no direct effect on this Cl-current. 21 Of particular relevance to the present study, the current is activated during intracellular dialysis of cells with the catalytic subunit of PKA,15 suggesting that phosphory-lation is required for activation of the Cl-channel. In contrast to cardiac Ca2' and K' channels,22 guanine nucleotide-binding proteins (G proteins) do not appear to have direct actions on this channel. 23 Phorbol ester compounds, such as phorbol 12-myristate 13-acetate and phorbol 12,13-dibutyrate (PDB), which stimulate PKC,24 have also been reported to activate a Cl-current in guinea pig25 and cat26 ventricular myocytes. The small size of the phorbol ester-activated current in the guinea pig cells25 has made it difficult to accurately characterize the properties of this channel and to determine whether PKA and PKC act in an additive manner to regulate the Clchannel. To overcome this limitation in the present study, ventricular cells were dialyzed with PKC and then exposed to PDB. Stimulation of PKC under these conditions resulted in the activation of a large wholecell Cl-current, which displayed an outward-rectifying I-V relation and a permeability for SCN-and I-greater than that of Cl-.
agitation. Cells were stored at room temperature (220 to 25°C) in normal Tyrode's solution (see below) and used between 1 and 10 hours after isolation.
Voltage Clamp
The patch-clamp method28 was used to record whole-cell ventricular currents using a PC-501 (Warner Instrument Corp., Haverhill, Conn) or an EPC-7 (Adams and List Associates, Great Neck, NY) amplifier. Pipettes were made from Gold Seal Accu-fill 90 Micropets (Clay Adams Inc) and had resistances of 1 to 3 MQl when filled with CsCl/aspartate internal solution (see below). Series resistance was determined by measuring the time constant of the capacity current and the membrane capacitance. Series resistance ranged from 3.5 to 8.0 Mfl with a mean+SEM of 5.8±0.3 Mfl (n=30 cells). Membrane currents were measured with a 12-bit analog to digital converter (Scientific Associates, Rochester, NY). Unless stated otherwise, data were sampled at 10 KHz, filtered at 2-5 KHz with a low-pass Bessel filter, and stored using a Softek 386 computer.
A reference electrode made from a Ag-AgCl pellet was connected to the bath using an agar salt bridge saturated with Tyrode's solution. Data were adjusted for liquid junction potentials that are produced when there is an interface between dissimilar salt solutions. In the present study, the membrane potential (Vm) was corrected for junction potentials that arose (1) between the pipette solution and the bath solution (VLT) and (2) between the bath solution and the reference electrode (V2,1) using the equation Vm=V-VLj-V2,1 described previously.29 In this equation, V was the voltage reading on the patch-clamp amplifier, VL was equal to the offset potential created during the zeroing of the CsCl/aspartate internal solution in the NaCl, Nal, NaBr, and NaSCN external solutions, and V2,1 was determined for each of the external solutions (bath solutions) using a 3 mmol/L KCl-filled patch pipette. 29 With the exception of SCN-, which produced a 2-mV offset, anion substitution produced little change (<0.5 mV) in Vm.
Recording Solutions
Isolated cells were initially placed in normal Tyrode's solution consisting of (mmol/L) NaCl, 132; KCl, 5; MgC12, 2; CaCI2, 1; dextrose, 5; and HEPES, 5 (pH 7.4). After establishment of the whole-cell voltage clamp, the solution was changed to a K'-free external solution containing (mmol/L) NaCl, 140; MgCl2, 1; CaCl2, 1; dextrose, 5; HEPES, 5; and BaCl2, 1; along with 10 to 50 ,umol/L tetrodotoxin (pH 7.4, 279+1 mosm, n=5). The inward ICa was eliminated by addition of 200 to 500 nmol/L nisoldipine (Miles Laboratories, West Haven, Conn) or 0.1 mmol/L CdCI2 to the external solution.
Patch electrodes were normally filled with an internal solution consisting of (mmol/L) CsCl (Ic') in these experiments, purified PKC was dialyzed into the ventricular myocytes. Although dialysis of PKC alone was capable of activating Ici, it was found that addition of a phorbol ester compound, such as PDB, to the external solution facilitated this activation. This action could be related to the ability of phorbol esters to increase the affinity of PKC for Ca2' nearly 100-fold. 24 PKC used in this study was obtained from two sources. A mixed isozyme preparation of PKC, containing primarily the a and 3 isozymes, was generously supplied by Muriel C. Maurer and Dr Julianne J. Sando, Department of Pharmacology, University of Virginia. This PKC preparation was purified from rat brain using DE-52 cellulose and threonine sepharose chromatography.3132 A single isozyme preparation of PKC, containing the a isozyme, was purchased from GIBCO BRL, Gaithersburg, Md. This preparation was purified from baculovirus-infected insect cells expressing the rabbit brain PKC a isozyme. The enzymes were stored in a buffer solution (mmol/L: Tris-Cl, 20; EGTA, 0.5; and EDTA, 0.5; with 10% [vol/vol] glycerol) and diluted fourfold to fivefold in the internal solution before experimentation. The activity of the diluted enzyme ranged from 1 to 5 nmol inorganic phosphate per minute per milliliter when assayed at 30°C in a buffer containing histone Hi (100 ,ug/mL), 300 ,tmol/L CaCl2, 100 ,imol/L [y-32P]ATP (250 cpm/pmol), 5 mmol/L magnesium acetate, 20 mmol/L Tris-Cl, phosphatidylserine (17 ,g/mL), and diolein (2 ,tg/mL).33 This activity corresponded to an enzyme concentration of 10 to 40 nmol/L.
For internal cellular dialysis of PKC, a solution of either the mixed or single isozyme was included in the internal pipette solution. This was accomplished by backfilling a small amount of the enzyme solution into a pipette containing CsCl/aspartate internal solution. After disruption of the cell membrane, the enzymes move from the pipette into the cell by diffusion. On the basis of theoretical studies,534 PKC (molecular mass, ---80 000 D) should reach equilibrium at a slow rate (10 to 14 minutes) given the size of the cells and electrodes used in the present study. This time course closely matches experimental rates determined for augmentation of Ic, and IK (see Fig 1) .
Thus, use of this procedure allowed adequate time for the measurement of control and PKC-sensitive current.
One major problem encountered in the present study was the difficulty involved in making high-resistance seals to the cells and correctly breaking into the cell to form the whole-cell configuration. Even with backfilling of the pipettes, the combination of PKC and glycerol reduced the overall success of forming whole-cell recordings to <10%. However, in those cells in which the whole-cell configuration was achieved, activation of lcI by PKC was observed in a large proportion of the myocytes (>50%). As described previously, addition of PDB alone could result in an activation of I. 25 The effect of PDB on the background current tended to be small (IC at +60 mV, 275 +35 pA; n= 15; see previous study25 for experimental details) compared with that found with internal PKC dialysis (lc, at +60 mV, 817±120 pA; n=20; present study). Thus, although phorbol esters alone could activate Icl it was necessary to use exogenous PKC to increase the size of the current so that the properties of the current could be carefully examined.
The reversal potential (Erev) for Ilc was defined as the potential where the PKC-sensitive background current was zero. In those cases in which the exact zero current was not recorded, ErT. was determined by fitting a straight line through the points on the I-V curve directly above and below this potential. The permeability ratio (PA/Pc,) of a test anion (A-) to Cl-was determined using the Goldman-Hodgkin-Katz equation:
mmol/L, PA and Pc, are the permeabilities, R is the gas constant, T is the temperature ('K), z is the valence, and F is Faraday's constant. Since increases in cationic conductance were not detected in the lc, experiments, permeability to Na+ and K+ was neglected in determining the permeability ratio for A-to Cl-.
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Drugs and Chemicals
PDB, forskolin, A-9-C, and staurosporine were purchased from Sigma. A-9-C was prepared from a 500 mmol/L stock solution in 1N NaOH. DNDS was obtained from Molecular Probes, Eugene, Ore. PKC caused a large increase in IK (85+10%, n=3), which could be measured both in the time-dependent outward current recorded during the 2-second voltage step to +50 mV and the tail current recorded on return to the -40-mV holding potential (Fig 1) .
Results

Dialysis of
In addition to the augmentation in IK, dialysis of the cells with PKC was also associated with an increase in the background current. This effect was most readily observed as an increase in the time-independent outward current measured at +50 mV (see dashed lines in Fig 1) . In the right panel of Fig 1, Fig 2) . Since effects of PKC are not apparent at this time, these currents serve as appropriate control records. If 10 to 15 minutes is then allowed for PKC to enter the cell from the pipette, addition of the phorbol ester compound PDB (20 nmol/L) to stimulate PKC (see "Materials and Methods") results in the activation of large inward and outward background currents ( in Fig 2) .
The right panel of Fig 2 displays negative potentials, reduction of internal Cl-caused the inward currents to become greatly attenuated in amplitude. This effect resulted in the appearance of a strongly outward-rectifying I-V relation (Fig 3, left panel) Fig 2, 
Activation of lc, Results Specifically From PKC
In addition to PKC, the CsCl/aspartate internal solution used in this study was supplemented with 4 to 5 mmol/L Tris, 2% to 2.5% glycerol, and small amounts of 4 +40 mV -60 mV EGTA and EDTA that were present in the PKC storage buffer (see "Materials and Methods"). Cell swelling induced through increases in intracellular osmolarity causes the activation of Ic, in canine ventricular cells. 37 Furthermore, dialysis of the canine atrial cells under equiosmotic conditions for periods longer than 10 minutes may be associated with the activation of a similar ICI.38 Since the PKC internal solution had an osmolarity approximately two times greater than that of the normal internal solution (500 to 600 mosm), it was important to determine whether activation of Ia resulted specifically from PKC and not from nonspecific effects of the PKC solution (ie, increases in cell volume). Fig 5 shows the results of an experiment in which membrane currents were measured at various times after breakthrough of a cell with a "sham" PKC internal solution containing heat-inactivated PKC. Even after 20 minutes of dialysis, no obvious change could be observed in membrane currents recorded between -90 and +40 mV. Small increases in current (p4100 pA) were sometimes noted at potentials positive to +40 mV after prolonged periods of dialysis (30 to 40 minutes). However, there were no significant increases in inward current measured in any of the four cells dialyzed with the "sham" solution. To eliminate any nonspecific actions occurring at positive potentials in the present study, dialysis experiments were normally not conducted beyond 30 minutes after patch breakthrough.
As one further test to determine if Ic, was specifically activated by PKC, experiments were performed in which the myocytes were pretreated with the PKC inhibitor staurosporine. In the presence of 2.5 gmol/L staurosporine, PDB caused almost no change in the inward and outward (Fig 6) Icis measured in three PKC-dialyzed cells. This sharply contrasts with the strong activation normally observed under these conditions (see Fig 9) .
Permeability of lc, to Other Anions
To determine the anion selectivity of the PKC- presence of 140 mmol/L Cl-and after equimolar substitution with a test anion. The relative permeability of the channel was then calculated based on the Erev of the current in NaCl, NaSCN, Nal, and NaBr external solutions (see Table) . As can be seen in the left panel of Fig 7, Based on these and other replacement experiments, the selectivity sequence of the PKC-activated channel was determined to be SCN->I->Br-Cl- (Table) . It was also determined in four experiments that the permeability of F-for the channel was less than that of Cl-. However, unlike the other anions, substitution of external Cl-with F-resulted in an increase in outward background currents under basal conditions. For this reason the data obtained with F-were not included in the Table. Pharmacology of the PKC-Activated IC Pharmacologic agents such as DNDS and A-9-C are known to block Cl-channels present in a large number of tissues.39 Fig 8 shows Ere, indicates reversal potential; PA/PCI, permeability ratio of test anion (A-) to Cl-. Values are mean±SEM for Erey. Data were activated Ic, recorded in the presence and absence of a 1 mmol/L concentration of A-9-C. In three cells examined, addition of A-9-C resulted in a reduction of 51+8% and 52±9% in the amplitude of IC when measured at -60 and + 60 mV, respectively. EB, was not affected by A-9-C. In contrast to the inhibition caused by A-9-C, the stilbene derivative DNDS caused no significant change in the amplitude of Ic, when tested at a concentration of 100 ,umol/L (change in current, +6±2% at +60 mV; n=3) (results not shown).
Effects of PKC and PKA on l1c Are Not
Strongly Additive
The results given in Figs 2 through 8 indicate that dialysis of ventricular myocytes with PKC leads to the activation of a time-independent outward-rectifying ICl. Since stimulation of PKA has been shown to activate a similar current in these cells,15-17 it was important to determine whether PKA and PKC regulate the same Cl-channel. Fig 9 (left panel) shows the results of an experiment in which a myocyte was dialyzed with a high concentration of PKC (40 nmol/L) and then treated as usual with PDB (0). When the PKC-activated lc, reached a peak amplitude and stabilized (at 20 to 25 minutes after breakthrough), a 1-,umol/L concentration of the diterpene compound forskolin was added to the external solution to stimulate PKA. As shown in Fig 9, forskolin caused only a slight further increase in lCl under these conditions. Overall, in five experiments, forskolin increased ICI by 0.8±0.2 pA/pF (at +60 mV) (Fig 9, right panel) . These results sharply contrast with the large activation in lc, normally observed with forskolin in these cells.1820 '23 One explanation for the lack of effect of forskolin on lCl in the above experiment could be that exposure of cells to PDB or dialysis with the PKC buffer solution (eg, Tris and glycerol) inhibits ,3-adrenergic-stimulated pathways and thus prevents PKA-mediated effects on the channel. To address this concern, a myocyte was dialyzed with the "sham" PKC internal solution (see above) and treated with external PDB. After 20 minutes of dialysis, addition of forskolin caused an eightfold increase in the background current as expected from earlier studies18'20'23 (results not shown). In five experiments performed under these conditions, stimulation of PKA by forskolin resulted in an increase of 3.6±+0.3 pA/pF in the background current (at +60 mV) (Fig 9,  right panel) .
Discussion Activation of a Ventricular lCl During Dialysis of PKC
In the present study, dialysis of ventricular cells with PKC was found to cause the activation of an outwardrectifying, time-independent, whole-cell Icl. Based on experiments demonstrating that background currents were not increased during dialysis with heat-inactivated PKC or when cells were pretreated with the PKC inhibitor staurosporine, it is concluded that activation of ICl results specifically from cellular effects of PKC. This conclusion is also supported by the finding that augmentation of IK and activation of lc, As shown in Fig 9, stimulation of PKA through addition of forskolin to the external solution, when occurring subsequent to activation of the Cl-channels by PKC, produced only a slight further increase in I1c.
Since the effects of PKA and PKC are not strongly additive on this current, one interpretation of these results is that the two kinases regulate the same Clchannel in the ventricular myocytes. This hypothesis is supported by the finding that both the 13-adrenergic/ PKA-activated current15-'8 and the PKC-activated current share similar physiological properties (eg, Cldependence of E,,, outward-rectifying I-V relation, and time-independent kinetics). In addition, both the PKC-activated Ic, and the PKA-activated IcI are inhibited by A-9-C18 but are insensitive to the stilbene derivative DNDS.21 However, as an alternative interpretation of the results given in Fig 9, exposure of ventricular cells to exogenous PKC could attenuate cellular responsiveness to forskolin and thus prevent activation of the channels by PKA. Stimulation of PKC has previously been shown to desensitize the adenylate cyclase system in various cell types. 24 Despite the similarities between the PKA-and PKC-activated currents, it should be noted that the permeability of the PKC-activated channel for I-was clearly greater than that for Cl-(see the Table) . In contrast, the permeability of the PKA-activated channel for I-has been reported to be equal to or less than that of Cl-.42,43 In addition, I-appears to greatly reduce the PKA-activated current,44 possibly by directly blocking the pore of the channel. The difference in 1-permeability would suggest that either PKA and PKC activate different whole-cell Icis or that activation of the Cl-channel by PKC alters the permeability of the channel for 1-. Future single-channel studies may provide a more direct approach for studying the selectivity of heart Cl-channels to various anions and determining the nature of the PKC-activated channel. Thus, in conclusion, PKC activates a Cl-channel in guinea pig ventricular cells with properties similar but not identical to the PKA-activated channel.
